1. Observational and experimental studies have generally shown that warming is associated with greater growth and abundance of deciduous shrubs in arctic ecosystems. It is uncertain, however, if this trend will persist in the future.
| INTRODUCTION
Deciduous shrub expansion in arctic tundra has been widespread in recent decades (e.g. Hill & Henry, 2011; Myers-Smith et al., 2011; Naito & Cairns, 2011; Sturm, Racine, & Tape, 2001; Tape, Sturm, & Racine, 2006) . Similarly, syntheses of experimental warming (Elmendorf, Henry, Hollister, Björk, Bjorkman, et al., 2012; Walker et al., 2006) and long-term plot-level monitoring studies (Elmendorf, Henry, Hollister, Björk, Boulanger-Lapointe, et al., 2012) have generally shown increases in height and cover of deciduous shrubs throughout the tundra biome. However, several studies have also shown that shrub growth and abundance responses to warming depend upon soil moisture, with more positive responses observed in wetter areas (Ackerman, Griffin, Hobbie, & Finlay, 2017; Elmendorf, Henry, Hollister, Björk, Bjorkman, et al., 2012; Elmendorf, Henry, Hollister, Björk, Boulanger-Lapointe, et al., 2012; Myers-Smith et al., 2015) . These findings indicate that soil moisture may be an important mediator of shrub growth and abundance responses to warming, either directly (moisture limitation of photosynthesis, growth and/or reproduction) or indirectly (moisture effects on soil temperature, active layer depth, nutrient availability, etc.). Arctic landscapes exhibit a wide variety of moisture regimes, as a result of variation in topographic position, snow distribution, soil type and the presence or absence of permafrost. Vegetation type is highly correlated with soil moisture, but it has long been thought that effects of soil moisture on arctic ecosystems are predominantly indirect, with vegetation productivity controlled by related factors such as nutrient availability (e.g. Chapin & Shaver, 1985; Gold & Bliss, 1995) . Historically, moisture availability has not been thought to directly limit plant growth in most low arctic ecosystems (Oberbauer & Dawson, 1992) . However, plant water relations in arctic tundra are expected to change in response to rising air temperature, increasing evaporative demand and potential shifts in the amount and seasonality of precipitation. Annual air temperature on the west coast of Greenland is projected to be c. 2°C
warmer between 2021 and 2050 than it was between 1961 and 1990 , with the greatest changes anticipated in winter and spring (Stendel, Hesselbjerg Christensen, & Petersen, 2008) . Precipitation is expected to increase in most areas of the Arctic, and an increase of 15% is predicted over the same time period in western Greenland (Stendel et al., 2008) . Model projections of future climate scenarios are inherently uncertain due to differences in climate at regional scales. Moreover, climate models often lack direct observations required to evaluate model strength, especially in the Arctic. It is particularly uncertain whether greater precipitation in the Arctic will compensate for the expected increase in evaporative demand associated with rising temperature. It is even more difficult to predict how changes in climate may lead to changes in soil moisture as a result of permafrost thaw.
Our study aimed to quantify the growth responses of arctic shrubs to climate change over the late 20th and early 21st centuries near Kangerlussuaq in western Greenland. We combined shrub dendrochronology, stable isotope analysis and weekly measurements of leaf gas exchange to examine the drivers of secondary growth in two widespread and dominant deciduous shrub species: Salix glauca and Betula nana. Recent work in our study area examined the sensitivity of coexisting B. nana and a dominant graminoid, Poa pratensis, to seasonal declines in moisture availability. Results showed that leaf gas exchange of B. nana was relatively insensitive to warm and dry conditions, compared to P. pratensis, which showed strong reductions in stomatal conductance (G s ) at mid-day and during warm and dry periods (Cahoon, Sullivan, & Post, 2016a) . Based on recent results in our study area, evidence from the literature indicating that summer air temperature is positively correlated with growth of arctic shrubs (Forbes, Macias-Fauria, & Zetterberg, 2010; Hollesen et al., 2015; Jørgensen et al., 2015; Macias-Fauria, Forbes, Zetterberg, & Kumpula, 2012; but see Myers-Smith et al., 2015) and the general consensus that water availability does not strongly limit low arctic plant productivity, we hypothesized a positive and linear relationship between growing season air temperature and secondary growth of both shrub species. However, precipitation in our study area is very low (<250 mm/year), and evaporative demand is relatively high for the Arctic. Therefore, if moisture limitation is an important constraint on shrub growth anywhere in the Arctic, the Kangerlussuaq region is among the most likely locations.
| MATERIALS AND METHODS

| Site description
The study area (67.11°, −50.34°) is located c. 150 km inland from the Greenland coast and c. 20 km northeast of the village of Kangerlussuaq, Greenland. The landscape is composed of a mosaic of deciduous shrub and graminoid tundra. The dominant species are the deciduous shrubs, B. nana (hereafter Betula) and S. glauca (hereafter Salix), and the graminoids, Poa spp. and Carex spp. (Thing, into a pool with a long mean residence time (wood). While our study area is warmer and drier than much of the Arctic, our results may serve as an early indicator of potential effects of rising temperature in other arctic ecosystems.
K E Y W O R D S
Betula nana, carbon isotope, dendrochronology, herbivory, moisture limitation, Salix glauca, shrub-ring, stomatal conductance 1984). Kangerlussuaq has a relatively dry, continental climate with mean annual precipitation of 229 mm and mean annual temperature of −4.8°C, as estimated by the cru ts 3.24.01 gridded climate dataset (1901 -2015 Harris, Jones, Osborn, & Lister, 2014) . July is the warmest month, with a mean air temperature of 10.0°C. The study area is underlain by continuous permafrost and maintains only patchy snow cover during winter, with shallow snow (<20 cm depth) generally present among the deciduous shrubs and absent in areas dominated by graminoids. Soils in the study area thaw to a maximum depth of c. 50 cm.
| Estimates of historical shrub growth and water relations
| Field sampling
Stem discs were collected from Betula and Salix as close as possible to the ground surface from a total of seven sites over a 10-year period (Table 1, Figure 1 ). Samples were collected from the largest stem of each selected shrub. The goal of sampling shrubs from numerous sites was to incorporate potential landscape variation in climate-growth relationships and produce shrub-ring chronologies representative of a relatively large area (c. 11 km 2 ). Our goal was not to examine the magnitude and drivers of site-level variation, as these questions were addressed in an earlier study that included some of the same sites and samples (Young, Watts, Taylor, & Post, 2016) . Discs sampled in 2005 and 2007 were selected based on diameter in an effort to obtain the longest chronology possible (Haredalen, Kodalen and Storedalen sites). Discs collected during 2011 were selected by establishing a 100 m transect at each of the Long Lake 1, Long Lake 2 and Sandflugtsdalen sites (Young et al., 2016) . Each transect was divided into ten 10-m 2 quadrats and five stems each of Salix and Betula were cut at the root collar from every other quadrat. Discs sampled during 2014 were selected by establishing five 30-m parallel transects with stem discs of each species collected every 6 m along each transect (West site).
| Sample selection
The samples collected in 2005, 2007 and 2011 were sanded, stained, aged and measured with a sliding bench micrometer (Velmex Inc.
Bloomfield, NY, USA). A subset of samples from each site (Table 1) with the highest interseries correlation were selected for remeasurement using the thin section and imaging method described below.
Only one disc per shrub was included in our shrub-ring chronologies.
However, serial sectioning was employed on a subset of the stems to ensure accurate dating, which was facilitated by the presence of clear marker rings associated with moth outbreaks in recent decades (Young et al., 2016) . All of the samples collected from the West site in 2014 were analysed using the thin section and imaging method. A subset of nine discs of each species from the West site were selected for inclusion in the master chronologies with the objective of maximizing both chronology length and interseries correlation.
| Ring width measurements
Sample cutting and staining methods were adapted from Schweingruber and Poschlod (2005) . Discs selected for measurement using the thin section and imaging method were soaked in water for a minimum of 1 hr to rehydrate the tissue. The bark was removed to improve cutting precision. Thin sections c. 15-20 μm thick were cut from the discs using a GSL-1 sledge microtome and placed on glass slides.
For samples that had previously been stained, the opposite face of the disc was sampled for thin sections (c. 1 cm distant from the stained surface). A staining solution consisting of a 1:2 ratio of 1% Safranin to 1% Astra Blue was applied to each thin section and allowed to set for 1-2 min. Removal of the staining solution from the thin section was completed using a series of 10-15 washes with 95% anhydrous ethanol, followed by three to five rinses with absolute ethanol to complete sample dehydration. Thin sections were permanently adhered to the slides beneath glass cover slips using Canada Balsam and subsequently dried for 24 hr at 65°C. Slides were examined using a 10-45× stereo zoom microscope equipped with a 5 MP digital camera. A series of nine to 40 images of adjacent portions of each disc were taken and stitched using Adobe PhotoshoP CS6 version 13.0 (Adobe Systems Inc., San Jose, CA, USA). Annual ring widths were measured using ImAge J, version 1.48 (Rasband, 1997) . Ring widths were manually measured along four radii of each sample, cross-dated and subsequently averaged to produce one ring width series per sample. Rings formed during the year of sample collection were excluded, because we could not be certain of their completeness. A total of 42 Betula discs and 32 Salix discs were measured and included in the shrub-ring chronologies ( Figure S1 ). Length of the ring width series varied from 22 to 104 years for Betula and from 15 to 76 years for Salix. The ring width series were analysed by species in COFECHA (Holmes, 1983) to identify dating errors associated with missing rings or incorrect identification of latewood boundaries using a segment length of 26 years and an overlap of 13 years. While partial rings were common, particularly for Betula, we detected very few completely missing rings.
| Detrending
Four different methods were used to examine implications of data processing decisions for trends in the shrub-ring chronologies and the strength of climate-growth correlations: no detrending, the negative exponential/negative linear method and both age and diameter regional curve standardization (RCS). No detrending involves constructing a chronology by computing the mean ring width for each year among all of the shrub-ring series. The negative exponential/ negative linear method involves fitting either a negative exponential curve or a downward sloping line individually to each ring width series (e.g. Fritts, 2001) . Age RCS involves aligning all of the ring width series by cambial age (age of the stem at the height of disc collection) and fitting an empirical curve to the relationship between ring width and cambial age to define the detrending curve. Our sample size (n = 42 for Betula and n = 32 for Salix) was too small to support multiple curve age RCS, which has the advantage of fitting separate curves to slow and fast growing stems, the latter of which often show a more rapid decline in ring width with age, as new biomass is distributed around a rapidly increasing circumference (Briffa & Melvin, 2011) . Finally, diameter RCS involves aligning all of the ring width series by size and fitting an empirical curve to the relationship between ring width and the radius of the stem at the time when the ring T A B L E 1 Breakdown of the timing and location of sample collection by species, along with number of discs selected for thin sectioning, the range of ring width series length (years) and the range of stem radius (mm, sum of the ring widths) at each site. The series length and stem sizes apply to the discs selected for thin sectioning F I G U R E 1 Locations of the seven sites from which shrub discs were collected near the margin of the Greenland Ice Sheet, inland from Kangerlussuaq in western Greenland was formed (Melvin, 2004 ). This empirical curve is then used to detrend each ring width series. Aligning the ring widths by radius rather than age should account for differences in the rate of ring width decline with age in fast and slow growing stems and may, therefore, be a good alternative to multiple curve age RCS when sample size is too small to support fitting of multiple detrending curves. One of the key requirements of RCS detrending is a large range of sample ages (for age RCS) or sample sizes (for diameter RCS) to ensure that age or radius are not confounded with calendar year when defining the detrending curve(s). This requirement was met by our datasets (Table 1) . Detrending was performed in CRUST (Melvin & Briffa, 2014 ) and shrub-ring chronologies were assembled as robust means of the ratios of observed to expected growth. Signal-free chronologies were produced by repeatedly dividing the raw ring widths by the detrended chronology with the aim of correcting for inadvertent removal of climate effects on growth during the detrending process (Melvin & Briffa, 2008) . Chronologies were truncated when the sample size dropped below nine, to mirror the number of discs contributing to the chronologies between 2011 and 2013 , when data were only available for the West site. Standard dendrochronology statistics, such as the mean interseries correlation (rbar), the expressed population signal (EPS) and the signal to noise ratio (SNR) were calculated for raw ring width and detrended data using the dplR package (Bunn, 2008) in r 3.3.2 (R Core Team, 2016).
| Climate-growth analyses
Growing season climate data within the study area ( Two sources of long-term climate data were examined for strength of correlation with our climate record for the study area and with our shrub-ring chronologies: the CRU TS 3.24.01 data for the grid cell nearest the study area (67.0 to 67.5°, −50.5 to −50.0°) and the Danish Meteorological Institute (DMI) climate record for Kangerlussuaq airport (Mernild, Hanna, Yde, Cappelen, & Malmros, 2014) . To identify which combination of climate data source and detrending method produced the strongest climate-growth correlations, static correlation analyses were performed using the treeclim package (Zang & Biondi, 2015) in r. Monthly mean air temperature (May-August) of the growth year and the previous year were included in the analyses.
Significance of the correlations was assessed through "exact" bootstrap resampling and α = 0.05.
The climate of Greenland is influenced by large-scale climate oscillations, such as the inter-related Arctic Oscillation (AO), North Atlantic Oscillation (NAO) and the Greenland Blocking Index (GBI). The AO and NAO are well-known climate modes that have been discussed extensively in the literature (e.g. Thompson & Wallace, 1998) . The GBI is an index of the geopotential height over the Greenland Ice Sheet (Fang, 2004) . Greater values of the GBI are associated with high pressure blocking, which corresponds with warm winters and warm and dry conditions during the growing season in the Kangerlussuaq region (Hanna, Cropper, Hall, & Cappelen, 2016) . Monthly values of the AO, NAO and GBI during the growth year (January-August) and the previous year (January-December) were tested for strength of correlation with our shrub-ring chronologies, again using static correlation analyses in treeclim.
Having identified the optimum detrending method, climate data source and synoptic climate index, we conducted moving window analyses in treeclim to examine potential changes over time in the strength or sign of correlations between the shrub-ring indices and climate (monthly air temperature and monthly GBI for January through
December of the previous year and January through August of the growth year). The window length was set at 20 years with a 1-year step between windows. Significance was again assessed with exact bootstrap resampling (1,000 iterations). Finally, to examine the potential for nonlinear relationships between climate and growth, we conducted Random Forest regression analyses using the randomForest package (Liaw & Weiner, 2002) in r. May-August mean air temperature and the precipitation sum for the growth year and the previous year were included as predictors. Climate data for these months were selected because they cover the entirety of the growing season, tended to be well correlated with our shrub-ring chronologies and because perennial plants commonly use resources stored in the previous growing season to support growth in the current year (Chapin, Schulze, & Mooney, 1990) . May air temperature was included because it was strongly correlated with our shrub-ring chronologies and because conditions during May are an important determinant of growing season length in our study area (Post, Kerby, Pedersen, & Steltzer, 2016) .
Longer growing seasons may be associated with greater potential for mid-summer moisture limitation (Cahoon, Sullivan, & Post, 2016b) , as a result of greater cumulative evapotranspiration and deeper soil thaw. Two variables were tested at each node and 1,000 trees were constructed in each analysis.
| Alpha-cellulose extraction and carbon isotope analysis
Three stem discs, representing three individuals of each species from each site, were selected for stable isotope analysis with the objective of maximizing the series length and interseries correlation. Discs were sampled for isotope analysis using a micromill and a 0.9 mm cutting bit beneath a stereo zoom microscope. The same face of each disc sampled for thin sections was sampled for isotope analysis.
Wood was sampled at a constant depth (3 mm) around the complete circumference of each disc. Individual rings were often too narrow to sample. Therefore, samples were collected in 3-year and 5-year increments for S. glauca and B. nana respectively. Homogenized samples were stored in 3-ml screw-top microcentrifuge tubes.
The carbon isotopic characteristics of cellulose and lignin are known to differ strongly (Benner, Fogel, Sprague, & Hodson, 1987) . To ensure that chronologies of carbon isotope discrimination are not confounded by temporal variation in wood composition, it is important to extract cellulose for analysis. Alpha-cellulose was isolated from the homogenized wood tissue following the water-modified Brendel method (Brendel, Iannetta, & Stewart, 2000; Gaudinski et al., 2005) .
The α-cellulose was dried overnight at 50°C and 0.3 mg subsamples were weighed into tin capsules. Analysis of δ 
| Leaf gas exchange
Measurements of instantaneous mid-day leaf gas exchange were made using a LI-COR 6400XT Portable Photosynthesis System (LI-COR Inc., Lincoln, NE, USA) on weekly intervals during the 2014 growing season.
The 2 × 3 cm opaque LED chamber typically enclosed six leaves and associated stems of Betula and three leaves and associated stems of Salix.
On each sampling date, leaf gas exchange was measured on a single stem ) at a leaf temperature of 15°C. A reference CO 2 concentration of 390 μmol/mol was selected based on measurements of atmospheric CO 2 in the study area. The flow rate was held constant at 300 μmol/s and flow through the desiccant was manually adjusted to maintain a relative humidity of c. 50%. Leaves were then collected and scanned fresh for measurement of projected leaf area using ImAge J version 1.48v.
| Stem xylem water potential
During the 2014 growing season, stem xylem water potential measurements were conducted at mid-day on weekly intervals from mid-June to mid-August. The shoot was excised from the branch and sealed in a Pump-Up Chamber (PMS Instrument Company, Albany, OR, USA).
Pressure was increased within the chamber and a reading was taken the instant water was extruded from the xylem as observed with a hand lens.
| RESULTS
| Identifying the optimum detrending method, climate data source and synoptic climate index
The choice of a detrending method had a limited effect on trends in the Betula chronology, but important effects on the Salix chronology ( Figure S2 ). In both species, examination of size (stem radius) and age effects on the ring widths revealed small, but potentially important effects ( Figure S3 ). Ring widths of both species tended to increase with stem radius and decrease initially with cambial age, although the apparent age effect in the Salix data was very small. Among the Salix chronologies, the raw ring width, age RCS and diameter RCS chronologies all showed reduced growth during the past 15 years, while the negative exponential/negative linear method showed no evidence of an overall trend. In both species, diameter RCS produced chronologies that were more strongly correlated with the climate data, regardless of the climate data source (Tables S1-S3 ). Diameter RCS detrending also improved rbar and SNR slightly for Betula and strongly for Salix (Table S4 ). Therefore, we restricted subsequent analysis to the diameter RCS chronologies. The cru ts 3.24.01 mean monthly air temperature data were similarly well correlated with the air temperature data for our study area and better correlated with our shrub-ring chronologies than the Kangerlussuaq airport data, regardless of the detrending method ( Figure S4 , Tables S1 and S2 ). Both sources of monthly precipitation totals were poorly correlated with precipitation data from the study area and with our shrub-ring chronologies. We restricted subsequent analyses to the cru ts 3.24.01 climate record, which had the additional benefit of covering the entirety of the Betula chronology. Of the synoptic climate indices examined (AO, NAO and GBI), the GBI was most strongly correlated with our shrub-ring chronologies (Table S5) and was therefore retained in subsequent analyses.
| Long-term trends in secondary growth of Betula nana and Salix glauca
Betula growth showed an increasing trend from 1941 until the early 1990s, followed by a dramatic decline from the early 1990s to 2013 Figure S5 ), but the growth decrease began several years later than in Betula. Important differences emerged when Δ 13 C = δ 13 C a −δ 13 C shrub 1 +δ 13 C shrub ∕1000 , the Salix dataset was broken down into old (>30 years, n = 17) and young stems (<30 years, n = 15). Inter-annual variability in growth was much greater in young stems and the recent growth decline was more apparent in older (generally larger) stems (Figure 3) . Growth of the young Salix stems appeared to quickly recover from the moth outbreaks, with growth after each outbreak exceeding that immediately before the outbreak. When broken down by site, Sandflugtsdalen, Long Lake 1 and Long Lake 2 stood out as sites exhibiting fairly dramatic recent growth declines, while West and Haredalen showed much more limited trends ( Figure S6 ). Salix stems sampled at West and Haredalen were the youngest on average, again suggesting the recent Salix growth decline may be stronger in older stems.
| Temporal variation in the strength and sign of climate-growth correlations
There was strong evidence that correlations between monthly air temperature and Betula growth have changed in recent decades The time period corresponding to the recent Betula growth decline is not the only instance of significant inverse air temperature-growth F I G U R E 2 Long-term trends in growing season air temperature, the Greenland Blocking Index (GBI) and secondary stem growth of Betula nana and Salix glauca. The air temperature data show an abrupt increase beginning in the early 1990s, corresponding with an increase in the GBI, which in turn is indicative of high pressure centred over the Greenland Ice Sheet. The increases in air temperature and GBI correspond with a dramatic growth decline in Betula that was exacerbated by two moth outbreaks (indicated by red circles). Salix shows evidence of lower growth during the recent warmer period, but the decline is not as dramatic as that of Betula. Grey shading indicates the 95% confidence intervals around the shrub-ring chronologies, while the black bars depict variation in the sample size over time
The shrub-ring chronologies when divided into young (Betula n = 21, Salix n = 15) and old stems (Betula n = 21, Salix n = 17). For Betula, there is relatively little difference between the two chronologies, indicating the recent growth decline is generally not dependent on the age (or size) of the stem. For Salix, inter-annual variability in growth is much greater for young stems and the recent growth decline is much more apparent in older (generally larger) stems correlations in our shrub-ring chronology. A similar, but weaker, period of inverse correlations was observed in the 1960s, which is also a time when growing season air temperature was greater than the long-term mean and the GBI was consistently positive.
Correlations between monthly air temperature and Salix growth also showed evidence of a change in recent decades ( 
| Form of relationships between climate and growth
Partial dependence plots from a Random Forest analysis provided further evidence of the negative relationship between F I G U R E 4 Moving window analyses designed to test for variation in the strength or sign of correlations between the Betula ring width indices and monthly air temperature and Greenland Blocking Index (GBI (Figure 6 ). The Random Forest analysis also revealed a weak positive correlation between growing season precipitation and Betula growth, despite our knowledge that the cru ts 3.24.01 precipitation data are a crude representation of actual precipitation in our study area. There was some evidence of nonlinearity in the relationship between air temperature and growth, as the decline tended to accelerate in both species when May-August air temperature exceeded c. 7°C, which is almost exactly the long-term mean May-August air temperature for the study area in the cru ts 3.24.01 dataset.
| Long-term trends in Δ
13
C of shrub-ring α-cellulose
Chronologies produced using discs sampled for isotopic analysis were closely correlated with the overall Betula (r = .89) and Salix (r = .96) chronologies ( Figure S7 ). In Betula, there was evidence of a slight negative effect of age on Δ
13
C over the first c. 40 years ( Figure S8 ). In Salix, there was no evidence that Δ
C of shrub-ring α-cellulose was influenced by the age of the stem at the time the ring was formed.
Carbon isotope discrimination in α-cellulose of Betula rings showed a slight overall declining trend (Figure 7) . Accounting for the small F I G U R E 5 Moving window analyses designed to test for variation in the strength or sign of correlations between the Salix ring width indices and monthly air temperature and Greenland Blocking Index (GBI). Stars indicate significant correlations, while p-values in the right-hand column indicate oscillations that are greater than expected to occur by chance. Results show that increases in air temperature and GBI since the early 1990s have also been associated with reduced Salix growth age effect (0.2‰ over 40 years, Figure S8 ) would tend to flatten the C and leaf gas exchange data suggest that rapid climate warming over the last two decades in continental western Greenland has been associated with reduced growth of Betula and older stems of Salix, at least partially in response to the direct effects of moisture limitation. Our finding that radial growth of both species has been increasingly negatively correlated with the GBI in recent decades supports our argument that declining growth is at least partially related to increasing moisture limitation, as a positive phase of the GBI is associated with both warm and dry growing seasons in southwestern Greenland (Hanna et al., 2016) .
Our observation that older Salix stems showed a more pronounced growth decline than younger Salix stems might reflect differences in stem size (particularly stem length). In our study area, even large diameter Betula stems tend to be relatively short, with leaves distributed along much of the stem. In contrast, large diameter Salix stems tend to be relatively long (and tall) , with leaves concentrated near the ends of the branches. Resistance to xylem water flow increases in proportion to path length (e.g. Ryan & Yoder, 1997) . Therefore, F I G U R E 6 Partial dependence plots from a Random Forest analysis depicting the modelled effect of air temperature and precipitation on the ring width indices of Betula and Salix, when all other variables were held at their mean value. Results show a steep decline in growth of both species when May-August air temperature exceeds c. 7°C, which is very close to the long-term mean for the study area. The long-term precipitation data are considerably less reliable, but tend to show a positive correlation between growing season rainfall and growth. The bars show the distribution of the climate data during the Betula (black) and Salix (grey) chronologies older, longer Salix stems may be more susceptible to moisture limitation than younger, shorter stems. Meanwhile, the architecture of Betula may limit differences in susceptibility between old and young stems. These effects of shrub architecture on water relations may be reinforced by differences in xylem anatomy between Salix and Betula.
Salix is semi-ring porous, with large earlywood vessels, while Betula is diffuse porous, with much smaller vessel diameters. Larger diameter vessels tend to be more vulnerable to freezing and drought-induced cavitation (e.g. Hacke & Sperry, 2001) . The combination of a long path length with large vessels and leaves distributed near the ends of the stems may lead to greater susceptibility to moisture limitation in old, long Salix stems.
An important limitation of dendrochronology is that it generally only captures one aspect of plant growth (secondary stem growth).
Meanwhile, plants are well known to shift allocation in response to changes in climate, often favouring growth of the organ responsible for acquiring the most limiting resource (Lambers, Chapin, & Pons, 2008; Ropars et al., 2017) . In the case of moisture limitation, plants might allocate more resources to support fine root growth, while decreasing investment in foliage. In our study area, we hypothesize that leaf production might show a more dramatic decline since the early 1990s than our shrub-ring chronologies, while fine root production might show a lesser decline.
Negative correlations between air temperature and growth of both species were found during the growing season and during late winter in recent decades. Our finding of negative correlations between growing season air temperature and radial growth contrasts strongly with numerous previous shrub-ring studies in the Arctic (e.g. Forbes et al., 2010; Hollesen et al., 2015; Ropars, Lévesque, & Boudreau, 2015; Weijers, Buchwal, Blok, Löffler, & Elberling, 2017 ; but see Myers-Smith et al., 2015) . Young et al. (2016) Meanwhile, Salix showed a lesser growth decline that was coupled with much greater leaf-level adjustments (long-term 1.8‰ decline in
C, doubling of G s following late season rain). We hypothesize these incongruent responses may reflect differences across species in the scale of their response to moisture limitation and in their recovery from herbivory.
F I G U R E 7 Carbon isotope discrimination (Δ 13 C) over time in α-cellulose of the growth rings of Betula and Salix. Three stem discs from each of five sites were sampled for each species. Betula samples were pooled in 5-year increments, while Salix samples were pooled in 3-year increments. The year assigned to each sample was weighted based on the ring widths within each increment. The results show a steep decline in Δ
C during recent decades in Salix, which could reflect stomatal closure to limit water loss in a warming climate. The Betula Δ 13 C data contain a small effect of stem age. Accounting for this age effect would tend to flatten the trend prior to 1980, while retaining a slight decreasing trend in recent decades Salix showed evidence of stomatal sensitivity to warm and dry conditions, both within the 2014 growing season and over the last 20 years of climate warming. Betula showed evidence of similar responses, but was comparatively unresponsive to warm and dry conditions at the leaf-level, consistent with earlier findings in our study area (Cahoon et al., 2016a) . However, plots dominated by Betula showed a decline in the normalized difference vegetation index (NDVI), which is closely correlated with leaf area, during warm and dry periods (Cahoon et al., 2016b) . We hypothesize that Salix and Betula may exhibit contrasting responses to moisture limitation, with the former responding primarily at the leaf-level, by regulating G s , and the latter responding at the canopy-level, by modifying effective leaf area (e.g. through leaf shedding or leaf curling). We further hypothesize that Betula may have decreased its investment in foliage and increased its investment in roots to a greater degree than Salix since the early 1990s. (Fox, Francis, Madsen, & Stroud, 1987) and the rings of both species were narrower than expected based on climate conditions in 1982 (Gamm, 2015; Young et al., 2016) . If the last outbreak of E. occulta occurred more than 20 years prior to the two recent outbreaks, then it is possible that moth outbreaks in the study area may be increasing in frequency. Observations also indicate an increase in the local muskoxen population, from a single individual recorded in 1993 to c. 40 individuals in 2015 (Post, unpubl. data) . Post and Pedersen (2008) showed that exclusion of large herbivores (caribou and muskoxen) had a strong positive effect on deciduous shrub abundance. Across the entire plant community, the strongest effects of herbivore exclusion on abundance were reported for Betula, not Salix, and from herbivory by muskoxen, rather than caribou (Post & Pedersen, 2008) . We hypothesize that the combined effects of increased muskoxen browsing, repeated defoliation by moths and a decline in moisture availability may be driving the dramatic Betula growth decline over the last c. 20 years in our study area.
Our results contrast with widespread observations of positive effects of recent climate warming on the growth and abundance of deciduous shrubs in the Arctic (e.g. Forbes et al., 2010; Hollesen et al., 2015; Jørgensen et al., 2015; Macias-Fauria et al., 2012; Tape et al., 2006) .
The climate of continental western Greenland is among the warmest and driest in the Arctic (Table S6 ; Figures S10 and S11) . In that sense, our results may serve as an early indicator of potential effects of climate warming on the productivity of other arctic ecosystems, as air temperature continues to rise and evaporative demand increases.
Arctic ecosystems have historically played a critical role in the global climate as strong sinks for atmospheric CO 2 , as evidenced by large C stocks in soils and permafrost (Tarnocai et al., 2009) . At F I G U R E 8 Seasonal variation in the daily maximum atmospheric water vapour pressure deficit (VPD), precipitation, soil temperature, soil water content and mid-day leaf-level net photosynthesis and stomatal conductance of Betula (n = 6) and Salix (n = 6) at the West site during the 2014 growing season. Data show a seasonal increase in net photosynthesis and stomatal conductance with increasing soil temperature. Salix showed a strong increase in net photosynthesis and stomatal conductance immediately following rain events in August, supporting the interpretation that declining Δ 13 C over time may be indicative of increasing moisture limitation of growth present, there is great concern that rising soil temperature may increase microbial activity and access of microbes to soil C stocks in thawing permafrost (e.g. Schuur et al., 2015) . Vegetation productivity is generally expected to increase and offset some of the respiratory C losses as the climate warms, but the effects of changing species composition and vegetation productivity on C uptake and storage are complex and not completely understood. Our results show a decline in the flux of C into a reservoir (wood) with a long mean residence time (Hobbie, 1996) , thereby raising important questions about the extent to which increases in vegetation productivity will offset C losses associated with rising soil temperature and thawing permafrost. A number of key uncertainties remain, including the relationships among main stem radial growth and whole plant productivity, competitive interactions, changes in deciduous shrub cover and changes in landscape greenness. These are important knowledge gaps that would benefit from future research, particularly in areas of the Arctic where moisture limitation is already, or may soon become, an important constraint on vegetation productivity.
